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The thiadiazolylurea derivative tebuthiuron (TBH) is commonly used as an herbicide even though it is
highly toxic to humans. While various processes have been proposed for the removal of organic contam-
inants of this type from wastewater, electrochemical degradation has shown particular promise. The aim
of the present study was to investigate the electrochemical degradation of TBH using anodes comprising
boron-doped (5000 and 30000 ppm) diamond (BDD) ﬁlms deposited onto Ti substrates operated at cur-
rent densities in the range 10–200 mA cm2. Both anodes removed TBH following a similar pseudo ﬁrst-
order reaction kinetics with kapp close to 3.2  102 min1. The maximum mineralization efﬁciency
obtained was 80%. High-pressure liquid chromatography with UV–VIS detection established that both
anodes degraded TBH via similar intermediates. Ion chromatography revealed that increasing concentra-
tions of nitrate ions (up to 0.9 ppm) were formed with increasing current density, while the formation of
nitrite ions was observed with both anodes at current densitiesP150 mA cm2. The BDD ﬁlm prepared at
the lower doping level (5000 ppm) was more efﬁcient in degrading TBH than its more highly doped coun-
terpart. This unexpected ﬁnding may be explained in terms of the quantity of impurities incorporated
into the diamond lattice during chemical vapor deposition.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Many types of organic pollutants, including bioactive com-
pounds such as pesticides, are released into water bodies from
industrial efﬂuents, chemical leaks and agricultural sources. In
Brazil, herbicides constitute more than 59% of all classes of pesti-
cides employed in the agricultural sector (Bortoletto et al., 2009).
In 2008, for example, 186000 tons of active herbicidal agents were
consumed, around 84% of which were reportedly used in the
culture of soybean, corn and sugar cane (Bortoletto et al., 2009).
Although urea-based herbicides were introduced more than six
decades ago, compounds of this class are still widely applied in
pre- and post-emergence treatments to control broad-leaved
weeds and grasses (Molins et al., 2000). Since these herbicides
are relatively polar, they may leach from the soil and accumulate
at trace levels in surface and groundwater (Goger et al., 2001).
Bioassays against three tropical microalgae of the genera Navicula
and Cylindrotheca (Ochorophyta) and Nephroselmis (Chlorophyta)
revealed that the thiadiazolylurea derivative tebuthiuron (1-(5-
tert-butyl-1,3,4-thiadiazole-2-yl)-1,3-dimethylurea; TBH) was one: +55 16 33739903.
anza).
er OA license.of the most toxic of the photosystem II-inhibiting herbicides tested,
with an activity exceeded only by those of diuron and hexazinone
(Magnusson et al., 2010).
Controlling the level of organic pollutants in water sources rep-
resents an important element of environmental protection. Among
the numerous processes that have been proposed or developed for
the destruction of organic contaminants, those involving biodegra-
dation have received particular attention. However, many organic
compounds present in wastewaters are relatively resistant to
microbial degradation and, in such cases, chemical or electrochem-
ical processes must be considered as possible alternatives. Electro-
chemical treatments offer a number of important advantages over
more traditional chemical methods, and these include ease of oper-
ation and automation, use of the electron as a reactant, introduc-
tion of the catalyst as a coating on the metallic electrodes and
formation of the reactive species on the electrode surface (de
Angelis et al., 1998).
In the case of TBH, photocatalyzed degradation in the presence
of TiO2 has been described and the probable route of formation of
the intermediates indicated (Bahnemann et al., 2007). Application
of the photo-Fenton reaction led to the total mineralization of the
herbicides diuron, TBH and 2,4-D (Paterlini and Nogueira, 2005).
Similar results for TBH were obtained by Trovó et al. (2005), but
when an Fe-citrate complex was employed in the photo-Fenton
Fig. 1. Schematic representation of the electrochemical cell employed.
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sure to solar energy of 0.86 J cm2, while only 40% of the herbicide
was mineralized in the presence of Fe(NO3)3 under similar condi-
tions (Silva et al., 2007).
The electrochemical advanced oxidation process (EAOP) repre-
sents an alternative to more typical chemical AOP procedures
and entails oxidation of pollutants by chemical reaction with hy-
droxyl radicals (OH) electrogenerated from water discharge at
the anode. Although a variety of materials have been employed
as anodes in EAOP procedures, boron-doped diamond (BDD)
appears to be the most suitable. Doping diamond with boron gen-
erates a p-type semiconductor, although the electrochemical re-
sponse of the doped electrode depends on its microstructure and
the level of incorporation of the doping agent. Studies concerning
the growth of diamond-doped seed crystals by chemical vapor
deposition (CVD) were ﬁrst published in 1973 (Poferl et al.,
1973), although the interesting electrochemical and photoelectro-
chemical properties of BDD electrodes were reported much later by
Pleskov et al. (1987). According to these authors, BDD electrodes
offer high anodic stability with an acceptable conductivity for elec-
trochemical purposes. More recently, BDD electrodes have found
application as an attractive anode material for the degradation of
organic pollutants, such as textile dyes (Migliorini et al., 2011)
and refractory herbicides (Boye et al., 2006).
The aim of the present study was to compare the electrochem-
ical degradation of TBH using BDD electrodes produced by CVD on
titanium substrates with different levels of boron as dopant. The
efﬁciencies of these electrodes in the degradation of TBH were
evaluated under different current densities using analytical tech-
niques such as UV–VIS spectroscopy, high-pressure liquid chroma-
tography (HPLC), ion chromatography (IC) and total organic carbon
(TOC) assay. The relationships between the electrochemical oxida-
tion process and the level of doping and the surface morphology of
the anode were determined through analysis of the results
obtained.2. Materials and methods
2.1. Preparation and characterization of electrodes
BDD ﬁlms were deposited onto Ti plates (25  25  0.7 mm)
using the hot ﬁlament-CVD technique. A mixture of H2 (98%) and
CH4 (2%), at constant composition, was supplied by the main gas
line, while doping was controlled with the aid of an additional ﬂow
of H2 that passed through a bubbler containing a solution of B2O3
dissolved in CH3OH in which the B/C ratio was either 30000 or
5000 ppm (forming electrodes E1 and E2, respectively). The addi-
tional ﬂux to the reactor along the H2 line carrying the boron
was adjusted by means of a rotameter, and the temperature and
pressure within the reactor were maintained at 923 K and
5.3 kPa, respectively. After a total deposition time of 7 h, the heav-
ily doped BDD ﬁlms were analyzed for quality on the basis of their
micro-Raman spectra recorded using a Renishaw system 2000
microscope operated in the backscattering conﬁguration. Top view
scanning electron microscopic (SEM) images of the ﬁlms were ob-
tained with the aid of a Zeiss–Leica model LEO 440 instrument
with tungsten ﬁlament.2.2. Electrochemical degradation of TBH
Electrochemical degradations were performed in a laboratory-
constructed polypropylene single cell with a capacity of 0.45 L
(Fig. 1). The working electrode with geometric area 4.15 cm2
was positioned at the bottom of the cell, while the counter(platinum spiral) and the reference (Analyser Co.; Ag/AgCl with
3.0 M KCl solution) electrodes were located at the top.
All electrolyte solutions were prepared with puriﬁed water
(18.2 MX cm) obtained using a Millipore Milli-Q water puriﬁcation
system (value TOC = 0.0095 mg L1). The commercial herbicide
combine 500 SC (Dow AgroSciences), comprising 500 g L1 of
the active constituent TBH, was employed in the preparation of
solutions containing 100 mg L1 of TBH (initial value TOC =
38 mg L1) in K2SO4 0.1 M and H2SO4 0.1 M (Synth; analytical
grade reagents) as supporting electrolytes. TBH solutions were
maintained at 20 C with constant stirring and subjected to elec-
trolysis at current densities of 10, 25, 50, 75, 100, 150 and
200 mA cm2. Electrochemical measurements were carried out
using a potentiostat/galvanostat model PGSTAT 302 coupled to a
BSTR-10A current booster and controlled by GPES software
(Metrohm Autolab).2.3. Monitoring the progress of the degradation
The levels of TBH in electrolyte solutions were monitored by
HPLC using a Shimadzu 20A chromatographic system coupled with
a model SPD-20A UV detector and a Varian Pursuit 5 C18 reverse
phase column (250  4.6 mm i.d.). Chromatographic conditions
were: column temperature – 40 C; mobile phase – water:acetoni-
trile (J.T. Barker; HPLC grade reagent) 70:30 v/v; elution – isocratic
at a ﬂow rate of 0.8 mL min1; detection wavelength – 249 nm.
Concentrations of TBH were determined by reference to a calibra-
tion curve constructed using analytical-standard grade TBH
(Sigma-Aldrich; Supelco PS407 – 99% pure). Inorganic ions formed
during electrolysis were detected and quantiﬁed by IC using a Metr-
ohm model 850 Pro-IC unit combined with a conductivity detector
and ﬁtted with a Metrosep A Supp 5 column. Chromatographic
conditions were: mobile phase – aqueous solution of sodium
carbonate 3.2  103 M and sodium bicarbonate 1.0  103 M
(J.T. Baker; analytical grade reagents); elution – isocratic at a ﬂow
rate of 0.7 mL min1. The elimination of organic material during
electrochemical degradation was monitored using a Shimadzu
PC-Controlled TOC Analyzer model TOC-VCPN. UV–VIS spectra
were scanned in the range 200–800 nm on a Varian Cary 50
S.A. Alves et al. / Chemosphere 88 (2012) 155–160 157spectrophotometer using a quartz cuvette with an optical path of
1 cm, and concentrations were determined from the absorbencies
determined at 257 nm.3. Results and discussion
3.1. Characterization of BDD electrodes
The morphology and quality of the BDD ﬁlms formed with dif-
ferent levels of boron doping were determined from SEM images
(20000) and Raman spectra, respectively (Fig. 2a and b).
The SEM images conﬁrmed that the ﬁlms were completely
closed and homogenous, with no signs of delamination or cracks.
Variations could be observed in the surface morphology according
to the level of doping in that the E1 ﬁlm, prepared with a higher
concentration of boron (i.e. 30000 ppm), presented a reduced grain
size in comparison with the E2 ﬁlm (doping level 5000 ppm). This
behavior, which has been attributed to an increase in nucleation
generated by boron during the ﬁrst step of growth (Ferreira
et al., 2002), has been reported previously with respect to the
deposition of BDD ﬁlms on silicon substrates (Zhang et al., 1996;
Azevedo et al., 2006).
The Raman spectrum provides an indication of the composition
and quality of the ﬁlm present on the surface of the BDD/Ti elec-
trode. The peak around 1332 cm1 (Fig. 2) corresponds to the
ﬁrst-order Raman phonon line of diamond (Knight and White,
1989) and, together with the broad band at 1200 cm1, represents
a common characteristic of BDD electrodes. The diminution of the
1332 cm1 peak, and the concomitant enhancement of the
1200 cm1 band, with increasing doping level is attributed to
the relaxation of the DK = 0 selection rule of Raman scattering in
the presence of high concentrations of boron in the diamond lattice
(Zhang et al., 1996; Silva et al., 2002). The band at around
1580 cm1 can be assigned to sp2 type bonding, while that at
500 cm1 is generated by the vibration of boron pairs, which can
cause some distortion to the diamond lattice (May et al., 2008).
Comparison of the spectra depicted in Fig. 2a and b reveals differ-
ences between electrodes E1 and E2 produced at different doping
levels, and conﬁrms the higher doping level of E1.3.2. Electrochemical degradation of TBH
3.2.1. UV–VIS spectrophotometry
The decrease in concentration of herbicide during electrolysis
could be followed spectrophotometrically by monitoring the500 1,000 1,500 2,000 2,500
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Fig. 2. Raman spectra and SEM images (20000) of the surfaces of BDD/Ti elecintensity of the absorbance at 257 nm corresponding to a p? p
transition in an organic compound with conjugated double bonds.
Electrolyses were performed with an electrolyte containing
100 ppm of TBH (prepared using a commercial herbicide contain-
ing 50% w/v of the active ingredient) at current densities in the
range 10–200 mA cm2. Fig. 3 shows the spectrum of the electro-
lyte solution plotted as a function of time of electrolysis at a cur-
rent density of 200 mA cm2 with anode E1. The absence of
bands above 400 nm conﬁrms that no products absorbing in the
visible region formed during the reaction. Electrochemical degra-
dation of TBH with anode E2, prepared with a lower level of boron
doping, presented a similar reaction proﬁle. Consideration of plots
of TBH concentration as a function of time of electrolysis with an-
odes E1 and E2 (Fig. 4a) conﬁrms this ﬁnding.
Similar degradation proﬁles were obtained when electrolyses
were performed with BDD/Ti electrodes operated at current densi-
ties lower than 200 mA cm2 (data not shown), although variations
in reaction rates were observed between the two electrodes. After
90 min of electrolysis at a current density of 75 mA cm2, both
BDD/Ti anodes achieved the removal of 90% of the herbicide.
The order of reaction was determined from the decay curves of
TBH concentration by application of the equation:
ln
½TBH
½TBH0
¼ kappt ð1Þ
On the basis of the observed linearity of the plots, it was as-
sumed that the reaction kinetics were pseudo-ﬁrst order and that
the slopes represented the apparent rate constants (kapp) for the re-
moval of TBH. As shown in Fig. 4b, values of kapp for TBH removal
with BDD/Ti anodes E1 and E2 increased as the current density in-
creased. At the lowest current density (i.e. 10 mA cm2), the kapp
values of the two electrodes were similar, but as current density in-
creased to 75 mA cm2, the rate constant of anode E1 with a higher
level of doping was larger than that of the less doped anode E2. This
situation was reversed, however, for current densities greater than
75 mA cm2, although at 200 mA cm2 the rate constants of the
two anodes converged. It appears, therefore, that increasing the
level of doping does not imply increased efﬁciency in the degrada-
tion of TBH.3.2.2. The mechanism of degradation of TBH on BDD electrodes
Plots of mineralization efﬁciency (ME; deﬁned as the ratio of
ﬁnal to initial TOC value expressed as a percentage) against current
density employed in the electrolysis of TBH with BDD/Ti anodes
(Fig. 5a) revealed that an increase in current generally resulted in500 1,000 1,500 2,000 2,500
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Fig. 3. UV-spectra recorded during the electro-oxidation of TBH at a current density
of 200 mA cm2 with E1 anode.
158 S.A. Alves et al. / Chemosphere 88 (2012) 155–160a higher ME. At low current densities (650 mA cm2), the anode
with the higher level of doping (i.e. E1) was more efﬁcient at
removing TOC, but at 75, 100 and 150 mA cm2 the situation was
reversed. At 200 mA cm2, the two anodes were equally efﬁcient
and removed 80% of the organic material present in the herbicide
solution during 180 min of electrolysis.
It is of importance to note that spectrophotometric evidence of
a reduction in TBH concentration does not signify that the0 25 50 75 100 125 150 175 200
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Fig. 4. (a) Concentration of TBH vs. electrolysis at a current density of 200 mA cm2 wit
anodes E1 and E2 vs. current density.
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Fig. 5. (a) Mineralization efﬁciency as a function of current density employed in the elect
180 min of electrolysis at different current densities with anode E1.herbicide has been fully degraded to CO2. This point is clearly dem-
onstrated in Fig. 5b, which shows the percentage of TBH removed
(according to UV measurements) and the percentage of TBH min-
eralized (according to TOC measurements) following 180 min of
electrolysis at different current densities. At 50 mA cm2, approxi-
mately 80% of TBH had been removed, but only a small proportion
had been converted to CO2, whilst at 150 mA cm2 around 90% of
TBH had been removed and more than 60% mineralized. This result
implies that TBH is initially degraded to intermediates.
The mechanism of degradation of organic matter involves the
initial discharge of water at the anodic surface (M) producing hy-
droxyl radicals (OH):
MþH2O!MðOHÞ þHþ þ e ð2Þ
BDD/Ti electrodes have a high overpotential for O2 evolution,
and this is associated with a relatively weak adsorption of hydroxyl
radicals at the anode surface (Marselli et al., 2003; Zhu et al., 2008).
The process of mineralization occurs, therefore, in the form:
BDDðOHÞ þ R ! BDDþmineralization productsþHþ þ e ð3Þ
In this respect, the BDD anodes differ from other materials, such
as PbO2 (Martínez-Huitle et al., 2004) and SnO2 (Zanta et al., 2003;
Malpass et al., 2010), that are considered to be active electrodes
since these have low oxidative power because the hydroxyl radi-
cals are chemisorbed. It is also noteworthy that the BDD/Ti ﬁlms
retained their original quality and crystalline appearance even0 40 80 120 160 200
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S.A. Alves et al. / Chemosphere 88 (2012) 155–160 159after 3 h of degradation reaction. The absence of delimitations or
cracks in the diamond ﬁlm demonstrates the high adherence of
the ﬁlm to the substrate, a quality attributable to the optimization
of the experimental parameters employed in the CVD.
3.2.3. HPLC analysis
The composition of the reaction solution was monitored quali-
tatively and quantitatively by HPLC-UV analysis during the electro-
lytic procedure, and representative chromatograms are shown in
Fig. 6. The chromatographic proﬁle at the start of the experiment
displayed a peak associated with the electrolyte at a retention time
(Rt) of 3.40 min (peak A; Fig. 6a), whilst TBH appeared at an Rt of
11.46 min (peak B; Fig. 6a). At a current density of 10 mA cm2, de-
cay in TBH concentration could be detected by HPLC, and an overall
reduction of 27% in the amount of herbicide present in the reaction
solution at the end of electrolysis was determined with anodes E10 5 10 15 20
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Fig. 6. HPLC chromatograms of a reaction solution containing 100 mg L1 of TBH
after (a) 0 min, (b) 90 min and (c) 180 min of electrolysis at a current density of
50 mA cm2 with anode E1.and E2 (data not shown). When the current density was increased
to 25 mA cm2, other peaks were observed between the retention
times of 7.0 and 8.5 min (Fig. 6b) corresponding, most probably,
to polar intermediates or by products of the degradation reaction
of TBH. As shown in Fig. 6c, the TBH peak was absent from the
chromatogram recorded at the end of electrolysis at 50 mA cm2
signifying that complete degradation of the herbicide had
occurred.
3.2.4. Formation of inorganic ions during electrolysis
The possible formation of ionic products, particularly those
associated with nitrate or nitrite ions, during the degradation of
TBH was investigated by ion chromatography.
Although nitrate ions were not formed with BDD anodes at a
current density of 10 mA cm2, production (0.3 ppm) commenced
at 25 mA cm2 and increased with increasing current to ca.
2 ppm at 200 mA cm2. Both BDD anodes generated similar con-
centrations of nitrate ions, but at current densities 675 mA cm2
the anode with the higher doping level produced more ions
(0.9 ppm) than the less doped anode (0.5 ppm). Nitrate ions were
most likely formed via attack of the N atoms in TBH by hydroxyl
radicals physically adsorbed to the anode.
The formation of nitrite ions could only be detected at current
densities P150 mA cm2 (range 0.3 to 1.1 ppm) independent of
the electrode employed, although anode E2 appeared to be the
most efﬁcient in nitrite production. This ﬁnding suggests that the
reduction of nitrate to nitrite occurred at the cathode.
3.2.5. Energy consumption during electrolysis
Information concerning energy consumption (EC) during the
electrochemical processing of an organic compound is of funda-
mental importance in determining the efﬁcacy of the procedure.
The power (P in kW h) consumed in the electrolytic degradation
of TBH was determined from:
P ¼ Ecel  I  t
1000
ð4Þ
where Ecel is the measured cell potential (V), I is the current applied
(A), and t is the time of electrolysis (h). The EC value relating to the
power consumed per g of TOC removed was calculated from:
EC ¼ P
m
ð5Þ
where m is the amount of TOC removed (g). At a current density of
10 mA cm2, the EC value for anode E1 was smaller than that re-
corded at 25 mA cm2, but at 50 mA cm2 and above, energy con-
sumption increased with increasing current density (Fig. 7).0 40 80 120 160 200
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Fig. 7. Energy consumption as a function of current density employed in the
electrolysis of TBH with anodes E1 and E2.
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current densities of 25 and 50 mA cm2, and this may be explained
by the higher efﬁciency of removal and mineralization of TBH by E1
under these conditions. In contrast, the EC values for E1 were higher
than those for E2 at current densities P75 mA cm2. It was ex-
pected that the electrode with the higher level of boron doping
would be more efﬁcient regarding the electro-oxidation of an or-
ganic compound, but this situation was not observed experimen-
tally. This behavior may be explained on the basis of the CVD
process used in this study, particularly the boron doping process.
The source of boron was B2O3 dissolved in methanol yielding
(CH3)3BO3 inside the bubbler. The dopant was carried over in the
gas phase during the process of ﬁlm growth and probably etched
the tungsten ﬁlaments in the reactor to produce a large amount
of WC that was incorporated as impurities into the diamond ﬁlm.
This hypothesis is supported by X-ray synchrotron radiation analy-
ses conducted by Silva et al. (2002), which showed that the incorpo-
ration of WC could become signiﬁcant at high doping levels. The
present study has, therefore, demonstrated that for electrochemical
applications there must be a compromise between the conductivity
of the BDD ﬁlm and the level of impurities present in order to opti-
mize electrode efﬁciency.4. Conclusions
Electrolysis represents an efﬁcient method for the removal of
the herbicide TBH from aqueous solution. Both of the BDD/Ti an-
odes used in the present study were able bring about the elec-
tro-oxidation of TBH with an enhanced efﬁciency that was
apparently associated with the weak interaction between the
electrodes and the hydroxyl radicals formed. In the presence of
either anode, the degradation of TBH presented the kinetics of
a pseudo-ﬁrst order reaction and gave rise to a maximum reduc-
tion in TOC of about 80%. Electrolysis proceeded with the forma-
tion of inorganic ions produced by attack of hydroxyl radicals on
TBH and subsequent reduction at the cathode. Electrode E2, with
a boron doping level of 5000 ppm, consumed less energy during
the removal of TBH than electrode E1 in which the doping level
was 30000 ppm.
The SEM and Raman measurements obtained in the present
study demonstrated the strong inﬂuence of boron on diamond
morphology. Thus, the ﬁlm associated with electrode E1 pre-
sented a reduced grain size in comparison with that of E2. The
electrode with the higher level of boron doping should have
been more efﬁcient in removing TBH, but this was found not
to be the case because of the presence of impurities in the dia-
mond lattice introduced during the growth of the ﬁlms at higher
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